Ag 2 Te is well-known as a silver ion conductor. In this compound, a phase transition occurs at around 420 K and silver ions jump to interstitial sites repeatedly at the point of starting the phase transition. We consider that the active movement of silver ions would have influence on the scatterings of both charge carriers and heat carrying phonons in Ag 2 Te. In order to evaluate the effect of the silver ion conduction on the thermoelectric properties of Ag 2 Te, the Seebeck coefficient, electrical resistivity, thermal conductivity and Hall coefficient of polycrystalline bulk samples of Ag 2 Te were examined in the temperature range from room temperature to 650 K. The electrical resistivity and the Seebeck coefficient dramatically changed at around 420 K due to the change of the carrier concentration before and after the phase transition. However, the carrier mobility and the lattice thermal conductivity showed no remarkable change at around the phase transition temperature. These results imply that the thermoelectric transport properties of Ag 2 Te were affected by the change of the crystal structure rather than the presence or absence of the movement of silver ions.
Introduction
Thermoelectric (TE) technology, which can convert waste heat into usable electric power is expected to play an important role in sustainable energy development and energy depletion problem in the near future.
1) The performance of TE devices is determined by the dimensionless figure of merit of TE materials, ZT = S 2 T/µ¬, where S is the Seebeck coefficient, T is the absolute temperature, µ is the electrical resistivity, and ¬ is the thermal conductivity.
2) ¬ consists of the sum of the electronic component (¬ el ) and the lattice component (¬ lat ), i.e., ¬ = ¬ el + ¬ lat . The ZT value of the materials currently used in TE devices is approximately 1. Unfortunately, the parameters S, µ and ¬ el influence mutually in inverse way, it is very difficult to improve the ZT. As a method of improving the ZT, nanostructuring of TE materials has been studying with activity such as superlattices, nanowires, and LAST (lead, antimony, silver, telluride) compounds due to the fact that it is possible to reduce the ¬ lat with S 2 /µ maintaining high.
36)
In this background, we focused on a concept of the wall of ion conduction to reduce ¬ lat selectively as an alternative to nanostructuring. Ag 2 Te, AgI and Ag 2 Se are well-known as silver ion conductors. In these compounds, a phase transition occurs at a specific temperature and silver ions jump to interstitial sites repeatedly at the point of starting the phase transition. We consider that the active movement of silver ions would have an effect on not only the increase of the ionic conductivity but also the decrease of the ¬ lat through phonon scattering. For example, silver ions in AgI start to move at around 420 K, resulting that the ionic conductivity increases about 10 4 times. 7) As the result, the ¬ of AgI shows a rapid decrease at around the phase transition temperature. 8) Here, we will discuss the effect of the silver ion conduction on the TE properties of Ag 2 Te which is known to show relatively good TE performance. 9) In addition, it is also known that Ag 2 Te has a phase transition at around 420 K from ¢-Ag 2 Te (monoclinic structure) to ¡-Ag 2 Te (BCC structure) and shows an increase of ionic conductivity at the temperature about 10 2 times. Although the TE properties of Ag 2 Te were examined previously in our group, 10) the sample density was too low (only 85% of the theoretical density) to make a precise evaluation of the effect of silver ion conduction on the TE properties. In the present study, therefore, we tried to prepare high-density polycrystalline bulk samples of Ag 2 Te and examine the TE properties. Especially, the effect of silver ion conduction on the ¬ lat as well as the carrier mobility was discussed.
Experiment
Ag 2 Te and Ag (purity 99.999%) were weighted and put in a silica tube in the ratio of 1 : 0.25 to produce n-type Ag 2 Te. The silica tube was sealed in a vacuum and gradually heated up to 1233 K. After keeping the temperature for 24 h, the tube was cooled down slowly to room temperature. The obtained ingots were crushed into fine powders then ball milling for 2 h using a WC pot and balls. The obtained powders were packed into a graphite die and pelletized by hot pressing at a sintering temperature of 923 K under a pressure of 38 MPa in an Ar-flow atmosphere. The density of the polycrystalline samples was calculated from the measured weight and dimensions. The sample was characterized with a powder X-ray diffraction (XRD) method using Cu K¡ radiation at room temperature. The polished surface of the sample was observed by scanning electron microscope (SEM) and energy dispersive X-ray (EDX) analysis. Differential thermal analysis (DTA) was performed to evaluate the phase transition temperature. The µ and the S were measured in the temperature range from 323 to 673 K in a He atmosphere using the commercially available apparatus (ULVAC, ZEM-1). The ¬ was calculated from the thermal diffusivity (¡), heat capacity (C P ), and density (d) based on the relationship of ¬ = aC P d. The ¡ was measured by the laser flash method using the commercially available apparatus (ULVAC, TC-7000). C p was estimated from the Dulong Petit model, that is, C p = 3nR, where n is the number of atoms per formula unit and R is the gas constant. The Hall coefficient (R H ) was measured by the van der Pauw method using the commercially available apparatus (TOYO, Resitest 8300) in a vacuum from 323 to 523 K under an applied magnetic field of 0.5 T. The Hall carrier concentration (n H ) and Hall mobility (® H ) were calculated from R H assuming a single band model and a Hall factor of 1; i.e., n H = 1/(eR H ) and ® H = R H /µ, where e is the elementary electric charge.
Results and Discussion
The XRD patterns of the sample before and after hotpressing are shown in Fig. 1 , together with the literature data.
11) It was confirmed that the sample prepared in the present study was a single phase of ¢-Ag 2 Te with the monoclinic mP12 structure at room temperature. 12, 13) There was no change of the phase before and after hot-pressing. The lattice parameters calculated from the XRD patterns are summarized in Table 1 . The density of the sample was 8.32 g/cm 3 , corresponding to 92% of the theoretical density. The SEM and EDX mapping images of the hot-pressed sample are shown in Fig. 2 . The SEM image confirmed that the sample was homogeneous with no remarkable cracks. The EDX analysis revealed that Ag and Te were uniformly distributed on the sample surface. Figure 3 shows the DTA curves of the Ag 2 Te and AgI samples. It was observed that there existed large endothermic peaks in both the DTA curves. These peaks correspond to the phase transitions with starting silver ion conduction. From the beginning point of the endothermic peaks, the phase transition temperatures for Ag 2 Te and AgI were determined to be 421.3 and 421.8 K, respectively. These values were in good agreement with the literature data. 7, 14) The temperature dependences of the µ and the S of the Ag 2 Te sample are shown in Figs. 4(a) and 4(b) , respectively. It was confirmed that the µ of Ag 2 Te jumped up at around the phase transition temperature. The µ value at 373 K was 5.37 © 10 ¹6 ³ m, whereas just after the phase transition the µ value denoted nearly tripling. The µ increased with increasing temperature in the whole temperature range. However, the rate of increase after the phase transition exhibited approximately 4 times larger than that before the phase transition. The S values were negative in the whole temperature range, indicating that the majority of charge carriers were electrons. The absolute S showed nearly temperature-independent behavior before the phase transition. However, it increased rapidly at around the phase transition temperature, likely due to the decrease of carriers by the phase transition.
To verify the effect of the silver ion conduction on the electrical properties of Ag 2 Te, the n H and the ® H data were collected in the temperature range from 323 to 523 K. The results are shown in Fig. 5 . With increasing temperature, the n H increased until around 420 K, then rapidly decreased followed by slightly increased again. The rapid decrease of the n H at around the phase transition temperature corresponded to the increase of both the µ and the absolute S as shown in Figs. 4(a) and 4(b) , respectively. While the n H rapidly decreased after the phase transition, no such drastic changing occurred in the ® H . The ® H gradually decreased with increasing temperature roughly according to a T ¹1.5 relation especially at high-temperatures, meaning that the charge carriers were scattered by acoustic phonons predominantly. This result indicates that the silver ion conduction has little influence on the scattering of charge carriers in the case of Ag 2 Te.
The temperature dependence of the ¬ of the Ag 2 Te sample is shown in Fig. 6 . The ¬ was very sensitive to the phase transition like the µ and the S. The ¬ exhibited a maximum to be 1.8 W m ¹1 K ¹1 before the phase transition and rapidly decreased to 0.9 W m ¹1 K ¹1 after the phase transition. These values obtained in the present study were slightly higher than the previously reported values, 9, 10) which would be caused by the differences of the sample density and the Ag-doping content between the present and the previous samples. It has been expected that the silver ion conduction will scatter heat carrying phonons leading to the reduction of the ¬ lat . Thus, the ¬ lat was roughly evaluated by subtracting the electronic contribution (¬ el = LTµ ¹1 , where L is the Lorentz number = 2.45 © 10 ¹8 W ³ K
¹2
) from the measured ¬, i.e., ¬ lat = ¬ ¹ LTµ
¹1
. The temperature dependence of the ¬ lat is shown in Fig. 6 . We expected that the ¬ lat might show rapid decrease at around the phase transition temperature due to the phonon scattering by the silver ion conduction. However, the ¬ lat indicated rather flat temperature dependence. This means that the silver ion conduction has little influence on the scattering of heat carrying phonons in the case of Ag 2 Te.
Summary
Dense polycrystalline samples of n-type Ag 2 Te were synthesized and their TE transport properties were examined. In the DTA curve of the Ag 2 Te sample, an endothermic peak was observed at around 420 K, which was due to the phase transition where silver ions moved to start. The µ and the S of the Ag 2 Te sample drastically changed at around the phase transition temperature, mainly due to the change of the carrier concentration before and after the phase transition. Both the carrier mobility and the ¬ lat did not show remarkable changes at around the phase transition temperature; the carrier mobility decreased monotonically with increasing temperature roughly according to a T ¹1.5 relation, and the ¬ lat showed rather flat temperature dependence. Although we expected that the silver ion conduction should have an impact on the TE transport properties, it has little influences on the scatterings of both charge carriers and heat carrying phonons. In the case of Ag 2 Te, the change of the crystal structure, i.e., from monoclinic (¢-phase) to cubic (¡-phase), led to the change of the carrier concentration, leading to changing the µ, S and ¬ el .
